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1The struture of a DMSO/Water mixture from Car{Parrinello simulations
Barbara Kirhner
a
, and Jurg Hutter
ay
a
Physikalish-Chemishes Institut, Universitat Zurih,
Winterthurerstr. 190, CH-8057 Zurih, Switzerland
The mixture of DMSO{water was studied with Car{Parrinello simulation tehniques. A three-fold oordination
at the DMSO oxygen, methyl group hydrogen{oxygen atom ontats, Russel-strutures and 1-DMSO{3-H
2
O
lusters are observed. The H(DMSO){O(H
2
O) and the H(DMSO){H(H
2
O) radial distribution funtions are
almost idential. For dierent far water the angular distribution displays a dialeti harater: Close water orient
with the oxygens to the methyl hydrogen far waters vie versa. The emerging piture for the dynamial behavior
of the methyl groups is that of a near-hydrophili{far-hydrophobi, where the hydrophobi harater is probably
dominant. A detailed mehanism of one suh an event is given.
1. Introdution
Many experimental quantities of the DMSO{
water mixture expose a non-additive behavior [1℄
mostly at n
DMSO
=0.2{0.3. The speial features
of the phase diagram in this region led to the be-
lieve that 1-DMSO{3-H
2
O and 1-DMSO{2-H
2
O
lusters would be responsible [1℄. In order to nd
an explanation moleular dynamis simulations
based on lassial pair potentials were undertaken
[2{9℄. These studies eluidated luster of the 1-
DMSO{2-H
2
O and 2-DMSO{1-H
2
O type but no
1-DMSO{3-H
2
O luster were found. The absene
of suh a 1-DMSO{3-H
2
O luster has prompted
this study of the n
DMSO
=0.25 system with the
Car{Parrinello simulation tehnique. The Car{
Parrinello method has the advantage of alulat-
ing the intermoleular fores on the y, i.e. no
pre-made interation model is involved. Polariza-
tion eets are expliitly inluded and the pair-
wise additivity as used in the traditional mole-
ular dynamis simulations is irumvented. Pre-
vious stati alulations of dierent lusters in-

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diated many-body eets up to 30% [10℄. In-
uenes of the approximations made in the pre-
vious moleular dynamis simulation on alu-
lated quantities were rst systematially studied
by Huber [11℄ with models obtained from ab initio
quantum hemial alulations.
The aim of this study is to reveal the struture
of the DMSO{water mixture in order to help to
understand the non-additive behavior of this sys-
tem.
2. Methodology
The simulation was undertaken employing a
Car{Parrinello [12℄ ansatz, where the eletroni
struture was alulated within the Kohn{Sham
formulation of density funtional theory (DFT)
in ombination with the BLYP funtional [13,14℄.
In order to investigate the performane of BLYP
few stati alulations with Turbomole [15℄ and
the TZVP basis on the (H
2
O)
2
, the (DMSO)
2
and the DMSO{water dimer are given in table
1. B3LYP and MP2 data are from [10℄. Only for
the DMSO-dimer energy a onsiderable deviation
of the BLYP results from the other methods is
found. For the water and DMSO/water systems a
good agreement between all methods is observed,
with BLYP showing the lowest interation energy
in all ases.
The ombination of DFT(BLYP) with dynami
2Table 1
Dimer interation energies in kJ/mol.
luster BLYP B3LYP MP2
(H
2
O)
2
 18:5  19:9  18:0
(DMSO)
2
 27:8  35:8  41:6
H
2
O{DMSO  35:3  40:0  37:5
simulations allows dierent perspetives than the
simulations with empirial model potential utiliz-
ing an united atom ansatz and pairwise additiv-
ity. The strength of the DFT based simulations
lies in the fat that all moleules are fully exible
(in ontrast to the united atom ansatz) and the
irumvention of the pairwise additivity. Further-
more, no interation models are involved where
the system is tted to a ertain ondition of pres-
sure or temperature and the eletroni struture
is available all the time.
The plane wave basis is expanded up to a uto
of 70 Ryd. Atomi pseudopotentials of Troullier
and Martins [16,17℄ treated the inner ore ele-
trons. The alulations were performed with the
CPMD ode [18℄. 32 moleules at a omposi-
tion of n
DMSO
=0.25, i.e. 8 DMSO and 24 wa-
ter (152 atoms) in a box of size 14

A with peri-
odi boundary onditions were used. 14

A follows
from the experimental density at standard ondi-
tion 18138.6 mol m
3
. Note, the size of the system
is not suÆient enough to desribe all solvation
shells. It is known from diration data, that the
maximum radius for whih the pair orrelation
funtions is reliably derived in this system is of
the order of 10

A. This requires a minimum box
size of 20

A [19℄, whih would mean a system of
88 moleules, i.e. 22 DMSOs and 66 H
2
Os (418
atoms). However, we are mainly interested in the
short-range behavior of the methyl groups. This
behavior will most likely not signiantly hange
by inreasing the size of the system. To allow
for a bigger time step (0.145 fs) the mass of deu-
terium was hosen for all hydrogens. The system
was rst equilibrated with traditional moleular
dynamis simulations using the setup of [5℄ for
several 100 ps, beause this alulations are very
heap. Next we hanges to the Car-Parrinello
simulation and enfored a temperature of 600 K
for a few ps. After equilibrating at a temperature
of 300 K for several ps, we run a separate traje-
tory for 9.5 ps in a miroanonial ensemble.
To analyze the struture radial distribution
funtions g(r) were alulated from normalized
histograms of the distanes between the various
atom pairs. Angular distributions were alulated
to eluidate the orientation of the moleules.
3. Mirosopi pitures
The rst insight into the mirosopi stru-
ture an be gained by simply looking at luster-
snapshots of the simulation (see gure 1). All
hydrogen bonded moleules are shown in the pi-
ture. If a O{H(DMSO) distane is shorter than
2.5

A the oxygen donating moleule is also de-
pited. If neessary the important DMSO is
marked with an arrow. Most often the DMSOs
1 2 3
4 5
Figure 1. Clusters from the Car{Parrinello simu-
lation.
are involved in a very expanded hydrogen bond
network, e.g. luster 4 and 5 in gure 1. This is
in aordane with [8℄, where the authors found
indiations for a more omplex hydrogen bond
3network. The question of how far it an reah
stays open for the investigation of a bigger sys-
tem. We observe a oordination number of three
around the DMSO-oxygen from time to time (ex-
ample in the fth luster gure 1). Furthermore
methyl group ontats, i.e lose distanes between
the DMSO hydrogens and hydrogen aeptors are
seen very often, for instane all lusters of g-
ure 1. \Russel"-strutures [10℄ (luster 2 and 3)
are seen very often, i.e. when a hain of hydro-
gen bonded water moleules forms a trunk like
struture starting from the DMSO oxygen end-
ing at the methyl groups. 1-DMSO{3-H
2
O uni-
ties ould not be onrmed by traditional moleu-
lar dynamis simulations, but they appear in the
Car{Parrinello simulation (luster 2 and 3).
4. Radial pair distribution funtion
Further understanding is provided by the ra-
dial pair distribution funtion in gure 2. For
eah piture the solid line gives the hydrogen-
aeptor{hydrogen funtion and the dashed dot-
ted line shows the hydrogen{hydrogen funtion
(all intramoleular ontributions are omitted).
The hydrogen in (A) is from the H
2
moleule (dis-
solved in ammonia), in (B) it is from the water
and in (C) it is from the DMSO methyl groups.
Thus, in (A) of gure 2 two funtions of a H
2
moleule prepared in situ in ammonia, i.e. a hy-
drophobi system, [20℄ are shown. In this system
the hydrogen atoms from the ammonia moleules
reah loser distanes to the H
2
than the nitro-
gen atoms (i.e. the hydrogen aeptor atoms).
The funtion is in agreement with the funtion
for argon in water, as it exhibits the harateris-
ti shoulder. This shoulder indiates the oupling
funtionality between the rst and seond water
shell of the hydrogen atoms around the apolar
partile [21℄.
Graph (B) simply shows the funtion for wa-
ter from our system. The solid line displays
the well-known feature: a pronouned hydrogen
bond peak at approximately 2.0

A and the se-
ond neighbor shell at 3.7

A. This agrees well with
the pure water Car{Parrinello simulation of a 32
water system [22℄ (peaks at 1.8

A and 3.4

A).
Whereas the almost equal height of both peaks
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Figure 2. Radial pair distribution funtions from
H
2
in NH
3
, H
2
O, and DMSO/H
2
O simulations.
is partially due to the small box (in the 64-Car{
Parrinello water the rst peak is lower than the
seond) and partially due to the inuene of the
DMSO, the shift of the rst peak (2.0

A instead
of 1.8

A) is not an artefat of the small box.
Both are eets due to the DMSO moleules as
observed in the traditional moleular dynamis
simulation with the FS-model [9℄. (Note, that the
FS-model is the most reliable model as it does not
use the united atom ansatz and it allows exible
moleules like the model of [23℄, but it relies also
on the pairwise additivity). For the H{H fun-
tion (dashed dotted line) one observes two peaks
at loation 2.5 and 3.9

A. In both pure water
Car{Parrinello simulations [22,24℄ the two peaks
are at 2.3 and 3.8

A reeting the same shift as
in the O-H funtion. This again, is in aordane
4with traditional simulation [9℄.
Comparing these two extreme situations of a
hydrophobi and a hydrophili system, one re-
ognizes that the orresponding funtions for the
hydrogen atoms of the DMSO moleules rather
resembles the hydrophobi ase (A). Both fun-
tions lie on top of eah other. The funtions are
not yet dereased to unity reeting a too small
system. In perfet agreement with the H(CH
3
){
H(CH
3
) funtion of the experiment and previous
simulations from [3℄, but in ontrast to the orre-
sponding C(CH
3
){O(H2O) and C(CH
3
){H(H
2
O)
from the simulations of [4℄, our funtions do not
exhibit sharp peaks.
5. Orientation
5.1. Angular distribution
In gure 3 the angular distribution of the
H(CH
3
){O(H
2
O) vetor with the OH-vetor of
the water moleule is depited for dierent lose
water moleules. If os   1 (=180
Æ
) the hy-
drogens of the water moleule point away from
the methyl groups, and if os  1 (=0
Æ
) the
hydrogens of the water orients towards the hydro-
gen atom of the methyl group. The long dashed
line inludes all water if their oxygen is further
away than 4.0

A from the methyl hydrogen, the
dashed-dotted line shows the orientation if the
oxygen atoms are further than 2.7

A, but loser
than 4.0

A and the solid line shows the situation
of the water moleules if their oxygens are within
a 2.7

A radius. The inlet gives a loser look for
bulk water.
The rst impression of the distribution a-
ounting for all water moleules (dashed line)
indiates no preferential orientation of the wa-
ter moleules around the methyl group hydro-
gen atoms. Upon loser inspetion (inlet in g-
ure 3), one reognizes a broad distribution be-
tween 100
Æ
and 40
Æ
and the angle of 0
Æ
also ap-
pears very often, i.e the water-hydrogens are on
average pointing towards the methyl-hydrogens.
This is in aordane with [19℄, where a wide
distribution of angles and no pronouned prefer-
ential orientation towards the arbon atoms was
observed. The situation hanges aounting for
water moleules loser to the methyl group hy-
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Figure 3. Angular distribution of the OH-vetor
(upper panel) and the water dipole vetor (lower
panel) with the H(CH
3
){O(H
2
O) vetor. See text
for further explanations.
drogen atoms: For the 4.0

A plot there are two
peaks at approximately 180
Æ
and 80
Æ
, i.e here
the water are in the well-known tangential ori-
entation. Aounting only for even loser wa-
ter moleules (2.7

A), we see a wide distribution
around 120
Æ
, showing that both hydrogen atoms
of the water moleules try to stay furthest from
the hydrogen atom of the methyl group. This
indiates a near-hydrophili{far-hydrophobi be-
havior. It is in agreement with the observation
of the weak methyl hydrogen atom{oxygen atom
ontat [10,25℄, with the fat that DMSO methyl
group is slightly aidi ([1℄ p.56) and with the
prognosis from the Vaismann{Berkowitz [2℄ sim-
ulation. A seond distribution of interest is the
54.13
2.43
Figure 4. A water moleule approximating the methyl hydrogen atom. First and the last piture display
the O(H
2
O){H(CH
3
) distane in

A.
water dipole moment around the DMSO hydro-
gen. Figure 3 (lower panel) shows a distribu-
tion for the bulk whih would be expeted for
a hydrophobi system. In average both hydrogen
atoms are rather pointing to the methyl hydrogen
instead of the other way around. Looking at the
distribution of the water moleules loser than
2.7

A, one reognizes the redution of the high
probability of this hydrophobi orientation, again
indiation a near-hydrophili{far-hydrophobi in-
teration, but with a lear dominane of the hy-
drophobiity.
5.2. Mehanism of near-hydrophili{far-
hydrophobi behavior
Figure 4 displays the evolution of a water
moleule approahing the methyl group hydrogen
atom (luster 2 from gure 1).
Between eah snapshot 15 fs are passed and
all surrounding moleules are ut away. Note,
that the water moleule is bonded via one of its
hydrogen atoms with two water in a Russel-like
fashion to the DMSO-oxygen and that -exept for
the rst and the last piture- the water moleule
is hydrogen bonded via its oxygen atom to a bulk
water, i.e there is one free hydrogen atom. In the
rst three snapshots the hydrogen atoms of the
water point to the methyl hydrogen atom in a
tangential orientation. The oxygen aompanied
by the free hydrogen of the water moves about
0.10

A towards the methyl group. The next step
is muh more rapid (0.40

A). This is only partly
due to the water moleule moving, it is also due
to the slight methyl group rotation. Then again
suh a big step is undertaken by the hydrogen,
but the oxygen moves only about 0.15

A. At this
stage, the water adjusts in a 180
Æ
H(CH
3
)-H-O
angle and reahes afterwards the minimum dis-
tane with its hydrogen atom (last piture of the
rst row). Finally, a big step of the water oxygen
until the water moleule is perpendiular to the
C{H axis (see seond piture lower row) is fol-
lowed by slow steps (0.10

A) to the stage where
the oxygen is loser than both hydrogens of the
water.
66. Conlusion
In our study, we observed what was indiated
in stati isolated luster alulations [10℄ already:
O{H(CH
3
) ontats, 1-DMSO{3-H
2
O luster and
a oordination number greater than two for the
DMSO oxygen. In aordane with the tradi-
tional moleular dynamis simulation we see the
elongation of the water hydrogen bonds and we
nd a very involved hydrogen bond network. An
interesting feature was reeted in the average
orientation of the water at the methyl hydrogen:
very lose to the methyl group hydrogen atoms
the water seem to orient hydrophili and further
away the water moleules are oriented like in a
hydrophobi system. The emerging piture of
a near-hydrophili{far-hydrophobi behavior for
the methyl groups is based on the stati luster
alulations [10℄, where the attrative nature of
the methyl group hydrogen bond ould be shown,
and on the appearane of these lusters in the
present moleular dynamis simulations. In fur-
ther investigations a statisti analysis of the hy-
drogen bonds is planed. We hope to be able to
make use of the shared eletron number (SEN)
onept as further developed in the artile of [26℄.
SEN an be related to the hydrogen bond energy
between two atoms in a linear fashion. It remains
to be tested whether this onept works for stru-
tures away from the minimum geometry. Based
on this onept one ould diretly deide whether
the C(CH
3
){O(H
2
O) interations are attrative
or mainly a produt of paking eets. Standard
riteria should serve to analyze the life times of
the observed lusters in order to test their stabil-
ity.
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